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Planar Inlet Design and Analysis Process (PINDAP)

John W. Slater
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Glenn Research Center
Cleveland, Ohio 44135

Christopher R. Gruber
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Notre Dame, Indiana 46556

ThePlanar Inlet Design and Analysis Process (PINDAP) is a collection of softwaretoolsthat allow
the efficient aerodynamic design and analysis of planar (two-dimensional and axisymmetric)
inlets. The aerodynamic analysisis performed using the Wind-US computational fluid dynamics
(CFD) program. A major element in PINDAP is a Fortran 90 code named PINDAP that can
establish the parametric design of the inlet and efficiently model the geometry and generate the
grid for CFD analysis with design changes to those parameters. The use of PINDAP is
demonstrated for subsonic, supersonic, and hyper sonic inlets.

I. Introduction

HE aerodynamic design of inlets for air-breathing propulsion systems across the Mach number range have

traditionally relied on basic planar flow assumptions and analysis. Planar flow includes both two-dimensional
and axisymmetric flow. Many of the inlets for subsonic commercial transport aircraft have an axisymmetric shape.
Many of the inlets for supersonic military and commercial aircraft (production and conceptual) have either an
axisymmetric or two-dimensional shape. Many of the inlets for vehicles envisioned for hypersonic speeds have
either an axisymmetric or two-dimensional shape. The use of a planar flow assumption simplifies the geometry and
flow analysis, which is desired during the preliminary design phase when several configurations may be studied.
The planar flow analyses may also serve as reference flows for more complex inlet shapes. Thus, planar flow
analysis remains a part of inlet design.

The methods of computational fluid dynamics (CFD) are being used routinely for the aerodynamic analysis of
inlet flow fields. The work here uses the Wind-US CFD code of the NPARC Alfian@avo of the most time-
consuming aspects of CFD analysis are the modeling of the geometry and the generation of the grid.  For planar
flow, the geometry is relatively simple and consists of lines and curves. The grids are also planar. The work here
uses structured, multi-zone grids. From the simulated flow field, the performance of the inlet can be determined.
These performance measures include total pressure recovery, distortion, engine flow, bleed flow, and spillage.

In response to the need to efficiently conduct planar inlet aerodynamic design and analyses, a small-scale project
has been conducted to develop the Planar INlet Design and Analysis Process (PINDAP). PINDAP mainly collects
software tools that work together withind-US. The next section will discuss all of the elements. A major
element in PINDAP is a Fortran 90 code nan@NDAP that establishes the parametric design of the inlet and
efficiently models the geometry and generates the grid. The design and analysis process will involve changes in the
design parameters and grid properties. As these are changed, PINDAP quickly regenerates the geometry and grid
for further flow analysis.PINDAP also helps set up boundary condition information for the Wind-US CFD code.
Section 3 will provide an overview of PINDAP

Examples of the use of PINDAP for subsonic, supersonic, and hypersonic inlets are provided in Section 4. The
cases are fairly generic and focus on the process rather than the design results. One aspect of PINDAP is the use of
methods of statistical design of experiments (DoE) and response surface methods (RSM) to allow the intelligent
examination of the design factors of the parameterized inlet design to approach an optimum inlet design. This
aspect is only examined here in the example of the hypersonic inlet design.

The development of PINDAP is continuing and the last section discusses some future directions for PINDAP.
PINDAP will eventually be made available to interested US citizens.
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1. Software Elements of PINDAP

The Planar INlet Design and Analysis Process (PINDAR) ésllection of loosely-coupled software elements
that work together to improve the flow of informatiorridg the aerodynamic design of an inlet system. Central to
PINDAP is a Fortran 90 code nametNDAP. The software elements of PINDAP include:

1) PINDAP is a Fortran 90 code that encodes the inlet design parameteriaati creates the geometry, grid,
and boundary condition information for the inlet geomeftfine inputs tdPINDAP are contained within an
ASCII input file. PINDAP outputs a multi-zone, strud grid file ¢un.x) in Plot3d format and a boundary
condition file gman.com) for use byGMAN.*

2) *CFCNVT converts the Plot3d filen.x) to the common gridrgn.cgd) file format.

3) GMAN executes in batch mode to quickly set the boundary conslitiithin the common grid filern.cgd)
using the boundary condition filgrfiran.com) as input.

4) Wind-US is the CFD flow solver.Wind-US solves the Reynolds-Averaged Navier-Stokes equations for
turbulent, compressible flow using a cell-vertex, finitdume, time-marching approach. Spatial accuracy is
formally second-order using the Roe flux-difference spgttuupwind formulation. Turbulence is modeled
using the Spalart-Allmaras or SST modeM/ind-US is capable of solving for flows of speeds ranging from
low subsonic to hypersonicWind-US is distributed by the NPARC Alliance.

5) *CFPOST performs some simple visualization of the flow field @xtiacts flow field information such as
mass flows, total pressure recoveries, distortion, aret oérived flow field information.

6) Design-Expert is a statistical design of experiments (DoE) software g@gekthat performs statistical
analysis of the DoE design and can apply response sunitt@ds (RSM) to examine design factors.

*The CFCNVT, GMAN, andCFPOST elements are utilities that are distributed with\Wied-US CFD code.

1. PINDAP

The operations of th@INDAP code include 1) form the geometry model of the inlet, 23béish the grid
topology, 3) generate the structured, multi-zone @mdi 4) output files for use with thW¢ind-US CFD code. The
input toPINDAP is an ASCII text file.

A. PINDAP Geometry Model

The PINDAP geometry model was established to provide a simple desaoriptithe geometry of planar inlets
while allowing a wide variety of inlet shapes. The geometngehassumes that the inlet consists of combinations
of a body and a cowl. The shape of the body and cowl canbaagd on the design conditions, such as Mach
number. Both the body and cowl can have an interioreatetior component. In addition to the inlet surfates,
geometry model describes the boundaries of the enclosed @lmaind upon which the flow equations are solved.
For a planar analysis, the flow domain is a planar areafldWwedomain is divided into zones. A structured gsd
then generated within each zone. THRDAP geometry model consists of the following fis@mponents:

1) Body (BOD). This component models the geometry such aspimmer of a subsonic inlet, the centerbody
of a supersonic inlet, and the body of a 2D hypersonét inkehicle. The start of the body component is
referred to as the nose.

2) Body Exterior (BEX). This component models the geometry of the ibdyis external to the inlet flow.
One example is the external (top) surface of a 2D hyperbodig. This external component is needed for
simulations at non-zero angle-of-attack. The body externgbeoent also starts at the nose. If the end of
the body exterior connects with the end of the body coemipthe point is referred to as the tail.

3) Cowl Interior (CIN). This component models the geometry of the imtexf a cowl. The cowl interior is
wetted by flow entering the inlet. The start of the cowgiiior is the cowl lip.

4) Cowl Exterior (CEX). This component models the geometry of the iextef a cowl. The cowl exterior
also starts at the cowl lip. If the end of the cowl extecomnects with end of the cowl interior, the
connecting point is referred to as the trailing edge.

5) Domain (DOM). This component models the geometry that defime®oundaries of the flow domain and
the boundaries of the grid zones. The flow domain meistnbenclosed area for planar domains.

Modeling the geometry in terms of components allows a logjcalping of the geometry that can be used to
simplify other tasks of PINDAP. An inlet geometry modah have each of these components in a variety of
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combinations. An inlet is not required to have all of them@ponents. It is possible to generate a geometry and
grid with only one of these components. The exampldsgfl illustrate a small variety of inlet geometries that
can be created with this geometry model.

Each component consists of one or morentities. Each entity has its unique mathematical description and can
be mathematically described as a line, conic, non-uniforionadtB-spline (NURBS), or cubic spline. Each entity
has a set of control points. The control points are ddfiwith respect to the Cartesian (x,y) frame for two-
dimensional shapes and the cylindrical (x,r) frame foryaxmetric shapes. A line entity is described by two
control points which are the endpoints of the line. ®asioptions exist for determining the two endpoints that
include specifying the length or angle of the line. Aicentity is a section of a circle or ellipse. A NURB$veu
entity is defined by its control points. The NURBSveudoes not interpolate through the control pointsyétiier
the control points control the local curvature of the NURBS/e. The slopes of the ends of the NURBS curve are
tangent to the respective lines connecting the two contiotgat the respective ends of the NURBS curve. A
cubic-spline curve entity is defined by a set of cdmimints through which the curve interpolates. Each ehtitya
parameter associated with the distance along the entity. Thegqtarasndirected from the first control point to the
last control point along the entity. At any point aldhg entity a tangent vector is defined as being in the directi
of the parameter. The normal to the entity is the crosfupt®f the unit vector normal to the plane to the tangent
vector. The entities of a component are not requirdée twontiguously connected.

Each entity can also be divided irgsgments. The points at which an entity is broken into segmardgscalled
breakpoints. The locations of the breakpoints are defined by timalized distance along the entity. Dividing the
entity into segments makes it easier to construct the diomwain and divide the flow domain into zones for grid
generation. The segments also allow greater flexillithe generation of the grid along the entities.

CEX CEX

Ie@;g CIN leading CIN trailing
edge edge edge
oS BO Airfoil (2D) or Cowl (axisymmetric)
Subsonic Pitot Inlet _ CEX
(axisymmetric) Supersonic I nlet
(2D or axisymmetric)
BOD
BEX

nose BOD
Hyper sonic Vehicle (2D)

tail

/Nﬂ/\ trailing
cowl lip CEX edge

Figure 1. Examples of subsonic, supersonic, and hyper sonic inlet geometriesthat can
be modeled with PINDAP.
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B. PINDAP Grid Zone Topology and Grid Generation

The CFD analysis requires that a multi-zone, structuredbgrigenerated about the inlet shape and within the
flow domain. The flow domain is first divided into dtig zones. Each zone is a topological quadrilateral with
four edges. The shape of each edge is defined by specifying the segofightsentities that comprise the edge. A
structured grid zone hasandj coordinates associated with the edges. The direction of itheagprdinate must be
specified with respect to the direction of the entity. Genwegatie grid for the zone involves generating the grid
along each segment of each entity. The basic grid generadtiroanfor generating a grid on a segment is the
hyperbolic tangent method in which one specifies the grdiag at the ends of the entity segment and the number
of grid points for the segment. PINDAP has the abibtglétermine the appropriate number of grid points along a
segment based on the grid spacing and other grid quality paramei structured grid for a zone requires that
opposite edges of the zone have the same number of gni,paid so, the procedure for specifying the number of
grid points for each entity segment must provide this mafaice the grid points are distributed on the edges of the
zone, the zonal grid is computed using a basic trans-fimigéepiolation method PINDAP outputs the gridr(in.x)
in multi-zone, whole, unformatted Plot3d file format. heTPlot3d grid file is converted to a common grid format
(run.cgd) using theCFCNVT utility.

C. Boundary Conditions

The common grid fileran.cgd) for input to thewind-US code requires that boundary condition information be
specified. ThePINDAP code creates a file namegnan.com that is used as the input for the GMAN utility.
GMAN reads the common grid filerun.cgd) to get the grid coordinates and reads ¢gimean.com file for
information on how to set the boundary conditions.

D. Direct Specification of the Geometry and Grid and the Concept of the Design M odule

The basic method of input of information into PINDARHe direct specification of the geometry and grid in the
ASCII input data file. For each entity, all of the inforfoatis specified in the input data file, such as, the geometry
coordinates, number of segments, segment end-point grichgpaamber of grid points of each segment, and more.
The direct specification mode is flexible, but can be tedioumnter the complete information for every entity and
segment for even simple shapes. Further, informatioftes duplicated within the input file. ThHI®INDAP allows
one to code a design module, which is a Fortran 90 stieoto allow the input of a minimum set of information
describe the inlet shape and generate the grid. As an exangésign module was written to generate a grid
about a NACA 4-digit airfoil such that a user is ongquired to input the three digits describing the airfoil,
distances defining the extent of the flow domain, and set@ttspacings, such as those at the leading and trailing
edges and the grid spacing at the airfoil surface. The desigalenthen computes the remaining information to
generate the geometry and generate the grid. The design modudecmate assumptions about the geometry,
topology, and grid so that a designer does not havettbaggied down with the details, and so, can focus on the
design of the inlet. The design module can be designée tpplicable for a certain class of inlets, such as
supersonic, axisymmetric, mixed-compression inlets.

E. Isolator and Nozzle Zone

The CFD analysis of inlet flows requires a boundary camdito be specified at the engine-face outflow
boundary. One successful approach has been to attach atitieefesg a grid zone which contains an isolator and
nozzle. The isolator is a straight duct that gives the flme to mix out prior to reaching the nozzle. The nozzle
is constricted such that its throat is choked. Then8laty conditions at the outflow of the nozzle are simple
extrapolation boundary conditions. The back-pressurkeaémgine-face is set by the height of the throat. This
approach has been found to be fairly non-reflective, which igsragerative convergence of the simulation.

F. Three-Dimensional Grids

PINDAP has the capability of generating a three-dimensional gtairdd by extruding the planar grid in the z-
coordinate or circumferential direction. The three-dimensigridlcan then be used for simulations at non-zero
angles-of-attack or angles-of-sideslip.
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IV. Examples
Several examples illustrate the use of PINDAP across the Mawhar range.

A. Subsonic Pitot Inlet

A common inlet for subsonic transport aircraft with higipéss turbo-fan engines is a pod-mounted, pitot inlet.
The cowl is typically axisymmetric. The engine has a sitm provide for smooth flow about the hub of the fan
Figure 2 shows a generic planar geometry for a subsonidrgéd The blunt-nosed spinner is the body component
of the geometry model and contains a single entity of a NUBRB®. The cowl consists of a cowl interior
component and a cowl exterior component. The cowl haséaddwl lip. The cowl interior consists of two entities
of NURBS curves. The cowl exterior consists of twatierst— the first a NURBS curve and the second a line.e Th
flow domain boundaries consist of lines and NURBS cutwedivide the flow domain into 13 zones. The use of
NURBS curves for zonal boundaries allows the generafi@ntbogonal grids within the zones. Note that some of
the zonal boundary curves connect at breakpoints in the ddly}cowl entities. The distribution of the grid is
guided by the normal grid spacing at the surfaces to resolwaboy layers on the cowl and spinner and the desired
axial and radial grid resolution in the core flowPINDAP generates the grid and boundary condition file for the
Wind-US simulations. Figure 2 shows the grid and Maaib®r contours for a representative simulation. Once
the inputs are establishd@INDAP can be used to generate new grids quickly if modificatiomsrade to the cowl
shape or if the grid properties are modified to providgeased resolution. PINDAP can also extrude the grid

circumferentially over a 180-degree or 360-degree section fordimulations at angle-of-attack and / or angle-of-
sideslip.
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Figure 2. Planar geometry model, grid, and Mach number contoursfor the subsonic pitot inlet.
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B. Supersonic, Mixed-Compression NASA-Ames Inlet

PINDAP was used to model the geometry and generate the griddBbDavalidation study involving a NASA-
Ames, supersonic, mixed-compression iAl@he inlet was axisymmetric with a centerbody and cowl. uri®
shows the planar geometry. The centerbody had a conicalwlitsh,was modeled as a line entity. The rest of the
centerbody was modeled with a cubic spline to interpolatextjegéometry coordinates published in the test report.
Similarly a cubic-spline entity was used to model the dotdrior to interpolate the published coordinates. The
cowl lip was modeled as being sharp. The first entityhef dowl exterior was a line. The second entity was a
NURBS curve to provide a smooth shape to the third emtitych was a constant-radius line. The cowl exterior
geometry was not provided in the test report, and so, wasxamated, which is acceptable since at supercritical,
supersonic flow conditions, the cowl exterior should afé¢ct the flow through the inlet. Figure 3 shows the gri
and Mach contours for one of the simulations. A usedature iINPINDAP is the ability to translate or rotate
geometric entities. For the NASA-Ames inlet, the cow! tieted to alter the internal area distribution of the inlet
for start-up and for off-design conditions. Thus, @rhe inlet is modeled withiPINDAP, one can quickly
regenerate the grid when the cowl needs to be translated theaconfiguration. This example also shows the use
of the isolator and nozzle. The isolator allows the sepafatedfrom the subsonic diffuser to settle before
reaching the nozzle. The nozzle radius can be varied to vary theptessure of the inlet. For a mixed-
compression inlet, the back-pressure adjusts the locatitve ¢étminal shock.
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Figure 3. Planar geometry model, grid, and Mach number contours for the
NASA-Ames mixed-compression inlet.
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C. Supersonic Business Jet I nlet

PINDAP was used for a preliminary study for the desigh amalysis of an inlet for a supersonic busines$ jet.
The business jet was designed to carry six passengers raitige of 4000 nautical miles at a cruise speed of Mach
2.0 at an altitude of 50,000 feet. For this desigdystit was assumed that the turbo-fan engine had a fantéiame
of 60 inches and with a fan face Mach number of 0.6 aseruiFurther, it was assumed that the inlet used ugto 3
bleed with 2% spillage. A two-dimensional, external-compoesilet was modeled. The geometry model
consisted of a body, cowl interior, and cow! exterior congmts. Figure 4 shows the geometry model of the inlet

The body consisted of three entities. The first entitys & line representing the nose of the compression ramp
defined by the nose angle. The second entity was a compreasipndefined by five control points that were
interpolated using a cubic spline. The method of charaaterigas used to determine the placement of the control
points such that the Mach lines of the compression surfaeesécted at the focal point. The third entity was a
NURBS curve defining the body surface of the internal desdling to the fan. At the junction of the compression
ramp and the internal body surface a “break” existed that resulgediscontinuity of the slope of the body surface.
The NURBS curve was defined by eight control points.e Titst three were collinear and defined the angle and
strength of the start of the curve. The last three coptiioits were also collinear and defined the angle andgitre
of the end of the curve. Two control points on theriot of the curve allowed local shaping of the middIl¢hef
curve.

The cowl interior consisted of two entities. The festity started at a sharp cowl lip and was a line entityseho
angle was a design factor. The second entity of the céerion defined the rest of the interior cowl surface &f th
inlet. The second entity was a NURBS curve consistingigtit control points in the same fashion as the body
curve. The cowl interior curve ended at the fan face.

The cowl exterior contained three entities. The firsttgntas a line that started at the cowl lip with an angle.
The second entity was a NURBS curve with four contratgsadhat matched the angles of the first and thirdiesti
The third entity was a straight line that was flat.

The flow domain boundaries consisted of an inflow boundarfield boundary, and outflow boundary for the
exterior boundaries. The interior outflow boundary cstesi of a straight line at the fan face connecting the body
and cowl interior. The fan face was defined by the posiafdhe axis of the fan at the fan face and the height of the
fan. The fan face could also be at an angle. The interior bdaadxtended downstream with the addition of an
isolator and outflow nozzle.

Figure4. Geometry model for the 2D SBJ inlet.

The main design factors for the inlet design included &letofs for the shaping of the NURBS curves for the
body and cowl interior, placement of the cowl lip, slop¢hefinterior of the cowl lip, placement of the fan relative
to the cowl lip. A design module was created for PINDA®R #ilowed the input of these design factors along with
other geometric factors that define the geometry and domain.

The design module also establishes the grid topology asoa€grid. Zone 1 starts just ahead of the leading
edge of the body nose and extends through the inlet farthkace. Zone 2 encompasses the exterior of the inlet.
The design module also reads in the grid quality informatiBigure 5 shows an example of the grid for the inlet.
The grid is clustered along the inlet surfaces. The gsd ebntains zones for an isolator and outflow nozzle
attached to the fan face to apply outflow boundary comditio

The sizing of the inlet provided the location of the fqmaiht. The inlet was sized for cruise conditions. With
the diameter of the fan and the average Mach number at theckapriovided, the corrected weight flow through the
fan was computed. With an estimate of the total pressaseand assuming constant total temperature through the
inlet, the actual weight flow through the fan face at thégdesondition was computed. With an assumption of the
allowable bleed and spillage, the design capture weight flowcasaputed. With a supersonic inlet, the captured
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weight flow was the amount of flow through the area ercldsy the focal point. The cowl lip was then placed to
capture the sum of the assumed fan-face and bleed flowwalAminditions caused the amounts of weight flows to
vary, butPINDAP allowed the cowl lip position and bleed region dedagiors to be varied to adjust these values
to desired levels. Figure 5 shows the Mach number corftmuosie of the simulations.
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Figure5. Grid and Mach number contoursfor a 2D SBJ inlet.

D. Hypersonic Inlet

The PINDAP design process was exercised during the desmgeieric, two-dimensional hypersonic inlet for
Mach 5 flow. The design point was an altitude of 65f@@d and angle-of-attack of 0 degrees. Figure 6 shows the
design factors for this study. The design requirementsided a specified engine weight flow with an average
Mach number into the isolator of approximately Mach 2.5or this study, the geometry was parameterized with
respect to a number of design factors. A Microsoft Excedagfzsheet was created to generate the geometry
coordinates for the inlet based on the set of design factdrsane calculations based on oblique shock theory and
the engine weight flow requirement. Figure 6 shows ara@ilmg@f the design factors and the entities modeled for the
body and cowl. The body component consisted of émiities. The first two were the ramps modeled as line
entities.  Within the diffuser, the body was modelethWURBS curve entities. The position of the shouldgr (x
ys) was a variable design factor. A body exterior componeast specified with a single line entity.  The cowl lip
was modeled as being a sharp point located.g#,(¥.ow) Whose position was determined by requirements that the
oblique shocks from the ramps intersect near the cowl tip avspecified spillage and inlet capture flow. The cowl
interior component consisted of two entities. The firas a line that established the interior angle of the cawis
angle set up the oblique cowl shock. The remainder of theioterior was modeled with a NURBS curve entity.
The engine-face heightgtwas mostly determined by the requirement of approximatelgh\2.5 at the entry to the
isolator. The coordinate {xy.) set the position of the engine face. The cowl exterior wadehad with two line
entities. The geometry coordinates produced from the spessidiir a specific design were then input into
PINDAP to generate the grid. Figure 7 shows an examjule €FD simulations were then performed. Figure 7
shows the sample Mach number contours. Based on prelimifd@ysinulations, two of the design factors were
selected to vary for the DoE study — the axial positiothefshoulder (J and the vertical position of the bottom of
the engine face ). A statistical design was established to generate a gigcadeaponse surface of the total
pressure recovery with respect to the two design factorss réhuired a full-factorial design requiring 9 CFD
simulations (2 factors with 3 levels each). Figure 8 shetypical response surface generated during the process.
The optimum set of design factors was obtained from exagithie response surfaces during the design process.
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The PINDAP code was useful since each set of design factors requirggtlystlifferent geometry and the grid
generated for that geometry. With simple changes to pha fite, the grids were quickly generated.

(Xnose, Ynose)

Xnose_out

(X1, ¥1)

(Xs, Y8} i

(Xeowl, Yeowl) #m -
|_int, Ycowl_int)

Xcowl_out

H (Xcowl_ext, Yeowl_ext)

covd_ext

Figure 6. Design factorsand geometry entitiesfor the hypersonicinlet.
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Figure 7. Planar geometry model, grid, and Mach number
contoursfor the hypersonic inlet.
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Figure 8. Response surface for total pressure
recovery for the hypersonicinlet design.

V. Summary and Conclusion
PINDAP provides a framework for efficient design-based C#ialysis of planar inlet systems. By
automatically generating the geometry, grid topology, aitj giremoves some of the most tedious and demanding
aspects of the use of CFD for inlet design.

This witvaltesigners and engineers possessing only fundamental
knowledge of CFD to use a CFD tool for their aerodynamadyais of inlet systems.

VI. FutureWork
The development of th€INDAP code is ongoing.

Further work is proceeding to imprdve geometry
modeling and grid generation capabilities and develop desagules for certain classes of inletRINDAP will

be developed to generate geometry and grids for three-domah@lets with flow control devices such as vanes
and jets. PINDAP will also be able to generate grids for a turbo-fan Eitran module.
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